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SEMICONDUCTOR DEVICE
MANUFACTURING METHOD

This application 1s a Divisional Application of application
Ser. No. 11/357,941 filed on Feb. 22, 2006 now U.S. Pat. No.

7,760,783, and for which priority 1s claimed under 35 U.S.C.
§120; and this application claims priority of Application No.

2005-047087 filed 1n Japan on Feb. 23, 2005 under 35 U.S.C.
§119; the entire contents of which are hereby incorporated by
reference.

FIELD OF THE INVENTION

The present mvention relates to semiconductor devices
such as a semiconductor laser device and a manufacturing
method therefor, and an optical transmission module and an
optical disk unit employing the semiconductor laser device.

BACKGROUND OF THE INVENTION

In a semiconductor device having a quantum well struc-
ture, a transistor or the like, electrodes are arranged to 1inject
a current 1nto the semiconductor material and make an elec-
tric contact with the outside. Normally, 1n order to inject a
current into a semiconductor microstructure, a scheme has
been employed 1n which the electrode on the microstructure 1s
extended to provide a wider electrode region and a metal wire
1s connected to the electrode region. For example, a wide
clectrode region for facilitating bonding of a metal wire or the
like 1s secured by embedding a portion other than the current
injection region 1n an insulating resin or a dielectric or a
semiconductor layer of a conductive type different from that
of the current 1njection region and extending an electrode
from the current injection region to the embedment region.
Moreover, since the current injection region 1s often formed
by processing a semiconductor layer into a mesa shape, the
embedment region also plays the role of canceling a differ-
ence 1n level, or surface unevenness, due to the mesa, thus
facilitating the extension of the electrode.

As a prior art semiconductor device, there 1s, for example,
a semiconductor laser device that emits laser light from 1ts
light-emitting layer. The semiconductor laser device (not
shown) generally has a so-called buried ridge structure. More
in detail, in the semiconductor laser device, its active layer 1s
held between a lower cladding layer and an upper cladding,
layer. Then, a ridge stripe portion 1s formed on the upper
cladding layer to inject a current into a stripe-shaped region of
the active layer, and a current constriction layer 1s formed on
both sides of the ridge stripe portion.

The buried ridge structure 1s fabricated as follows.

First, layers such as the lower cladding layer, the active
layer, the upper cladding layer are formed on a substrate by
carrying out a first semiconductor crystal growth process, and
thereafter, the ridge-shaped stripe portion 1s formed by etch-
ing part of the semiconductor layer on the substrate.

Then, the current constriction layer 1s formed on both sides
of the stripe portion by carrying out a second semiconductor
crystal growth process.

Further, a contact layer 1s formed on both the stripe portion
and the current constriction layer by carrying out a third
semiconductor crystal growth process, so that the contact
layer securely provides a wide region in which the electrode
1s to be formed.

As 1s apparent from the above, the buried ridge structure
has a problem that the semiconductor crystal growth step
needs to be carried out three times 1n total, and it 1s very
difficult to achieve cost reduction.
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A so-called air nidge structure, which solves the problem, 1s
disclosed 1n JP 2000-114660 A. The air ridge structure 1s a
structure capable of constricting the current by means of an
insulator or the like and needs only one semiconductor crystal
growth step.

A semiconductor laser device having the air ridge structure
1s Tabricated as follows.

First, as shown 1n FIG. 13, an n-AlGaAs lower cladding
layer 502, an 1-AlGaAs lower light-confining layer 503, a
quantum well active layer 504 including an InGaAs quantum
well layer and a GaAsP quantum well layer, an 1-AlGaAs
upper light-confining layer 5035, an AlGaAs layer for forming
a p-AlGaAs upper cladding layer 506, and a GaAs layer for
forming a p-GaAs contact layer 307 are successively formed
on an n-GaAs substrate (water) 501 by the metal-organic
chemical vapor deposition (MOCVD) method.

Then, by partially etching the AlGaAs layer for forming the
p-AlGaAs upper cladding layer 506 and the GaAs layer for
forming the p-GaAs contact layer 507 through a normal pho-
tolithography step and an etching step, a ridge-shaped stripe
portion 511 1s formed.

Next, the entire surface of the water 1s coated with SiN,.,
and only the SiN .. on the contact layer 507 1s removed, form-
ing an insulating overcoat 508 made of Si1N .. After the upper
surface of the contact layer 307 1s exposed, a p-side electrode
509 1s formed on the contact layer 507 and the insulating
overcoat 508.

Next, an n-side electrode 510 1s attached to the back surtace
(namely, a surface opposite from the surface on which the
semiconductor layers are formed) of the n-GaAs substrate
501.

Next, the entire water 1s cleaved to a resonator length, and
a low reflection coating and a high reflection coating (not
shown) are deposited respectively on the two exposed cleav-
age surfaces, completing the semiconductor laser device.

In the semiconductor device, since the stripe portion 511
has a minute width of about several micrometers, 1t 15 1Impos-
sible to bond a metal wire used for current injection directly to
only the upper surface of the stripe portion 511. Therefore, the
upper surface of the con act layer 507 1s exposed from the
insulating overcoat 508, and the p-side electrode 509 is
formed on the contact layer 507 and the 1nsulating overcoat
508. It1s noted that a region in which a metal wire (not shown)
1s to be bonded 1s secured on the nsulating overcoat 508 to
which the p-side electrode 509 i1s led from the stripe portion
511.

Moreover, as another prior art semiconductor device, there
1s a GaAs based heterojunction bipolar transistor disclosed 1n
JP 2003-100767 A.

The GaAs based heterojunction bipolar transistor 1s fabri-
cated as follows.

First, as shown 1 FIG. 14, an n*-type GaAs subcollector
layer 602, a GaAs layer for forming an n-type GaAs collector
layer 603, a GaAs layer for forming a p type GaAs base layer
604, an AlGaAs layer for forming an n-type AlGaAs emitter
layer 605, a GaAs layer for forming an n™-type GaAs first
emitter contact layer 606 and an InGaAs layer for forming an
n*-type InGaAs second emitter contact layer 607 are epitaxi-
ally grown successively on a semi-insulating GaAs substrate
601 by the MOCVD method.

Next, surfaces of the p*-type GaAs base layer 604 and the
n*-type GaAs subcollector layer 602 are exposed by carrying
out the well-known photolithography step and etching step.

Next, an emitter ohmic contact electrode 613 made of
WN,, a base ohmic contact electrode 612 made of Pt/'T1/Pt/
Au, and a collector ohmic contact electrode 611 made of
AuGe/N1/Au are formed on the n*-type InGaAs second emit-
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ter contact layer 607, the p™-type GaAs base layer 604, and
the n™-type GaAs subcollector layer 602, respectively, by
sputtering and a vapor deposition method. Subsequently, an
alloying step 1s carried out to obtain an ohmic connection
between the p*-type GaAs base layer 604 and the n-type
GaAs collector layer 603.

Next, an intermediate metal film 615 made of Ti/Pt/Au 1s
formed on the base ohmic contact electrode 612, and an
intermediate metal film 616 made of T1/Pt/Au 1s formed on
the emitter chmic contact electrode 613.

Next, 1n order to cancel steps, or unevenness, formed of the
n*-type GaAs subcollector layer 602, the n-type GaAs col-
lector layer 603, the p™-type GaAs base layer 604, the n-type
AlGaAs emitter layer 605, the n™-type GaAs first emitter
contact layer 606 and the n™-type InGaAs second emitter
contact layer 607, a thermosetting resin 620 1s placed. A
photosensitive polyimide 1s used as a material of the thermo-
setting resin 620.

A method of placing the thermosetting resin 620 will be
described 1n concrete below. A polyimide precursor diluted
with a solvent1s applied onto the GaAs substrate 601 by a spin
coating method, and the polyimide precursor 1s formed into a
desired pattern by subjecting the polyimide precursor to
exposure to light and development. Then, heat treatment 1s
performed to make the polyimide precursor a polyimide to
thereby obtain the thermosetting resin 620. The thermosetting,
resin 620 1s designed to avoid 1ts overlapping with a region
where the collector ohmic contact electrode 611 1s formed as
much as possible.

Next, an intermediate metal film 621 made of Ti/Pt/Au 1s
formed on the collector ohmic contact electrode 611, and
wiring metal electrodes 618 and 619 to the respective ohmic
connection electrodes are subsequently formed, completing
the heterojunction bipolar transistor.

In the heterojunction bipolar transistor, the wiring metal
clectrode 618 led from the intermediate metal film 616 on the
emitter ohmic contact electrode 613 and the wiring metal
clectrode 619 led from the intermediate metal film 615 on the
base ohmic contact electrode 612 are led from an upper part of
the mesa-shaped semiconductor portion. Theretfore, 1n order
to prevent the breaking of the wires due to the steps of the
semiconductor layers, the wires are formed on the thermoset-
ting resin 620 1n which the steps of the semiconductor layers
are embedded.

Generally, 1n such a heterojunction bipolar transistor, the
mesa-shaped semiconductor portion has a rectangular shape
when viewed from above 1n order to reduce the base-emitter
junction area and reduce the base resistance, and the mesa
side surface parallel to the lengthwise direction of the rectan-
gular shape has an mverted taper shape as shown in FI1G. 14.
Further, in order to reduce the cost of the bipolar transistor,
the chip area of the transistor needs to be reduced and the
clectrodes must be extended as if they stride over the mesa
side surfaces when led from the upper part of the mesa-shaped
semiconductor portion. From this point of view as well, the
embedment with a thermosetting resin 1s important.

However, breaking, or discontinuity, induced by a step
(referred to as “step-induced breaking’” or “step-induced dis-
continuity”) tends to occur in the deposited insulating over-
coat and the p-electrode of the semiconductor laser device of
FIG. 13, and this disadvantageously makes the fabrication of
the semiconductor laser device ditficult and thus lowers the
yield.

Moreover, the transistor of FIG. 14 needs a process for
forming an msulating substance such as a resin on the sides of
the mesa-shaped semiconductor layers 1in order to draw the
clectrode from the upper part of the mesa-shaped semicon-
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4

ductor portion without causing the step-induced breaking,
and this therefore causes a problem of an increased number of
manufacturing process steps, a reduction in the yield, an
increase 1n the cost, and so on.

SUMMARY OF THE INVENTION

An object of the present invention 1s to provide a semicon-
ductor device and a manufacturing method therefor, an opti-
cal transmission module, and an optical disk unit that enable
the improvement 1n the yield and thus the reduction 1n the
manufacturing cost.

In order to accomplish the above object, there 1s provided,
according to an aspect of the present invention, a semicon-
ductor device manufacturing method comprising:

a first sesmiconductor layer forming step forming on a semi-
conductor substrate a first semiconductor layer that has an
ctching rate;

a second semiconductor layer forming step forming on the
first semiconductor layer a second semiconductor layer that
has an etching rate slower than the etching rate of the first
semiconductor layer;

a third semiconductor layer forming step forming on the
second semiconductor layer a third semiconductor layer that
has an etching rate faster than the etching rate of the second
semiconductor layer;

an etching mask forming step forming an etching mask on
the third semiconductor layer;

an etching step etching, by using the etching mask and an
ctchant, the third semiconductor layer, the second semicon-
ductor layer and the first semiconductor layer 1n a region
outside the etching mask; and

a thin film forming step forming a thin film such that the
thin film continuously coats an upper surface and side sur-
faces of a semiconductor layer group that includes the third
semiconductor layer, the second semiconductor layer and the
first semiconductor layer remaining aiter the etching step.

The “thin film” herein means a thin film that 1s sufficiently
thinner than the height of a step, namely a difference 1n level,
formed by the etching.

With the semiconductor device manufacturing method of
the construction, after the first semiconductor layer, the sec-
ond semiconductor layer and the third semiconductor layer
are formed on the semiconductor substrate, the etching mask
1s formed on the third semiconductor layer. Then, the third
semiconductor layer, the second semiconductor layer and the
first semiconductor layer are partially etched in the region
outside the etching mask with an etchant by using the etching
mask. At this time, the third semiconductor layer 1s first
ctched, and the second semiconductor layer 1s exposed. Then,
since the etching rate of the second semiconductor layer 1s
slow, the etching of a side portion of the third semiconductor
layer progresses while the second semiconductor layer is
being etched. Then, when the second semiconductor layer has
been etched until the first semiconductor layer 1s exposed, the
etching of the first semiconductor layer almost similar to the
etching of the third semiconductor layer progresses since the
ctching rate ol the first semiconductor layer 1s fast. As a result,
the side surfaces of the third semiconductor layer to the first
semiconductor layer exposed by the etching come to have a
shape that has neither an eave nor a rise perpendicular to the
substrate. That1s, the normal vector on the surface exposed by
the etching of the semiconductor layer group, constructed of
the third semiconductor layer, the second semiconductor
layer and the first semiconductor layer, left with the etching
mask has an upward component. The term “upward” herein
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means the direction 1n which the semiconductor layers are
stacked on the substrate surface.

The etching of the semiconductor layer group can be
achieved by one-time etching step using an etchant of one
kind and without changing the etchant partway. Therelore,
the manufacturing cost of the semiconductor device can be
reduced.

Moreover, although the thin film 1s formed so as to coat a
region from the upper surface of the semiconductor layer
group, more specifically, of the third semiconductor layer to
the side surface of the semiconductor layer group, the thin
film 1s prevented from suifering from the so-called step-
induced breaking or discontinuity. Therefore, the thin film
extends continuously on the third semiconductor layer to the
side portion of the first semiconductor layer without a step-
induced breaking. Therefore, the yield of the semiconductor
device 1s improved, and the manufacturing cost of the semi-
conductor device can be reduced.

In one embodiment, the first semiconductor layer and the
third semiconductor layer are each comprised of any one of
AlGaAs, GaAs and InGaAs, and the second semiconductor
layer 1s comprised of InGaAsP or GaAsP. A P mole fraction in
Group V elements 1n the second semiconductor layer 1s larger
than 0.2 but smaller than 0.6. And, the etchant 1s a mixture
aqueous solution of sultfuric acid and a hydrogen peroxide
solution.

In this embodiment, because the second semiconductor
layer contains P, and the first and third semiconductor layers
do not contain P, use of the mixture aqueous solution of
sulfuric acid and the hydrogen peroxide solution as an etchant
for the third, second and first semiconductor layers ensures
and facilitates the reduction of the etching rate of the second
semiconductor layer such that 1t 1s slower than the etching
rates of the first and third semiconductor layers. Therefore, it
1s possible to easily achieve a shape of the semiconductor
layer group that allows the formation of a continuous thin film
from on the third semiconductor layer to the side portion of
the first semiconductor layer without causing step-induced
breaking of the thin film, with good controllability. As a
result, the yield of the semiconductor device 1s improved, and
the manufacturing cost of the semiconductor device 1s
reduced.

Moreover, since the second semiconductor layer 1s made of
InGaAsP or GaAsP, the etching rate 1n the direction toward
the substrate can suitably be reduced between the third semi-
conductor layer and the first semiconductor layer.

Moreover, since the P mole fraction in the Group V e¢le-
ments of the second semiconductor layer 1s greater than 0.2
but smaller than 0.6, the etching rate 1s suitably reduced at the
second semiconductor layer, and the etching of the third
semiconductor layer moderately progresses while the second
semiconductor layer i1s being etched. Moreover, particularly
due to the fact that the P mole fraction 1 the Group V ele-
ments 1s smaller than 0.6, the second semiconductor layer 1s
prevented from being unable to be etched due to an excessive
reduction in the etchung rate. Therefore, the yield of the semi-
conductor device 1s improved, and the manufacturing cost of
the semiconductor device 1s reduced.

In one embodiment, the semiconductor device manufac-
turing method further includes a fourth semiconductor layer
forming step forming on the semiconductor substrate a fourth
semiconductor layer of a second conductive type whose dop-
ing concentration is not higher than 1x10'” cm™ prior to the
first semiconductor layer forming step. The semiconductor
substrate has a first conductive type, the first and third semi-
conductor layers have the second conductive type. The third
semiconductor layer has a doping concentration of not lower
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than 1x10"® cm™. The fourth semiconductor layer is exposed
at least 1n a partial region through the etching step. The thin
f1lm 1s an electrode, and the thin film 1s additionally formed on
the fourth semiconductor layer as well. The semiconductor
device manufacturing method further includes a compound
layer forming step subjecting the electrode to heat treatment
aiter the thin film forming step to form at an interface between
the electrode and the third semiconductor layer a heavily-
doped side compound layer comprised of at least one of
constituent elements of the electrode and at least one of con-
stituent elements of the third semiconductor layer and form at
an 1nterface between the electrode and the fourth semicon-
ductor layer a lightly-doped side compound layer comprised
of at least one of the constituent elements of the electrode and
at least one of constituent elements of the fourth semiconduc-
tor layer.

The “first conductive type” herein means a p-type or an
n-type. Moreover, the “second conductive type” means the
n-type when the first conductive type i1s the p-type or the
p-type when the first conductive type 1s the n-type.

In this embodiment, since the heavily-doped side com-
pound layer constructed of at least one of the constituent
clements of the electrode and at least one of the constituent
clements of the third semiconductor layer whose doping con-
centration is not lower than 1x10"® cm™ is formed at the
interface between the electrode and the third semiconductor
layer by carrying out the compound layer forming step after
the than film forming step, a low contact resistance 1s obtained
at the ohmic junction between the electrode and the third
semiconductor layer.

Moreover, since the lightly-doped side compound layer
constructed of at least one of the constituent elements of the
clectrode and at least one of the constituent elements of the
fourth semiconductor layer whose doping concentration 1s
not higher than 1x10"" cm™ is formed at the interface
between the electrode and the fourth semiconductor layer by
carrying out the compound layer forming step after the thin
f1lm forming step, sullicient current constriction 1s obtained at
the Schottky junction between the electrode and the fourth
semiconductor layer.

As described above, the electrode 1s produced on the semi-
conductors having a step obtained through one-time etching
such that the electrode provides a continuous coating of the
semiconductors from the top of the step to the side surfaces
and then to the lateral sides of the step. In addition, such an
clectrode 1s produced such that a sufliciently low contact
resistance at the upper part of the step and a sufficient current
constriction property in the side portion of the step can be
concurrently obtained. Therefore, a structure capable of
injecting a current into a desired region of the semiconductor
device and a wider electrode region for electric contact with
the outside can simply be obtained without separately form-
ing an 1msulator or a current constriction layer, and the manu-
facturing cost of the semiconductor device can consequently
be reduced.

Also, there 1s provided, according to another aspect of the
present invention, a semiconductor laser device including:

a semiconductor substrate;

a semiconductor layer group on the semiconductor sub-
strate, the semiconductor layer group including a first semi-
conductor layer, a second semiconductor layer and a third
semiconductor layer that are formed 1n order from the sub-
strate side; and

a thin film continuously coating an upper surface and side
surfaces of the semiconductor layer group,
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wherein the second semiconductor layer has an etching
rate slower than etching rates of the first and third semicon-
ductor layers, and

wherein a normal vector on a surface coated with the thin
f1lm of the semiconductor layer group has an upward compo-
nent.

The “thin film” herein means a thin film that 1s suificiently
thinner than the height of the step formed by the etching.

With the above construction, because the second semicon-
ductor layer has an etching rate slower than the etching rates
of the first and third semiconductor layers, there 1s an effect of
reducing the rate of etching 1n the direction toward the semi-
conductor substrate between the third semiconductor layer
and the first semiconductor layer. Therefore, taking advan-
tage of the 1sotropy of the etching of the third, second and first
semiconductor layers with the etchant and performing the
ctching of the third semiconductor layer for a longer time
achieves the semiconductor layer group of a favorable shape.
Moreover, the normal vector on the surface exposed by the
ctching of the semiconductor layer group 1s allowed to have
an upward component. With this arrangement, the so-called
step-induced breaking 1s prevented from occurring in the thin
film that 1s formed as the continuous coating over the side
surtaces of the third semiconductor layer, the second semi-
conductor layer and the first semiconductor layer and that
extends from the upper surface of the third semiconductor
layer to the lateral sides of the semiconductor layer group.
Therefore, a semiconductor device of which the yield 1s
improved and the manufacturing cost 1s reduced 1s obtained.
The term “upward” herein means the direction 1n which the
semiconductor layers are stacked on the substrate surface.

In one embodiment, the thin film 1s a conductive thin film
or there 1s a conductive thin film on the thin film, and the
normal vector on the surface coated with the thin film of the
semiconductor layer group has an upward component 1n at
least one path that connects one point on the conductive thin
f1lm located on a side opposite from the substrate with respect
to the second semiconductor layer with one point on the
conductive thin film located on the same side as the substrate
with respect to the second semiconductor layer.

In the semiconductor device of the embodiment, the con-
ductive thin film can be continuously arranged 1n the path
without undergoing the step-induced breaking, and electric
continuity using the path 1s reliably secured. Therefore, a
semiconductor device of which the yield 1s improved and the
manufacturing cost 1s reduced 1s obtained.

In one embodiment, the second semiconductor layer 1s
comprised of InGaAsP or GaAsP, a P mole fraction in Group
V elements of the second semiconductor layer 1s larger than
0.2 but smaller than 0.6, and the first and third layers are each
comprised of any one of AlGaAs, GaAs and InGaAs.

According to the semiconductor device of the embodi-
ment, when the third semiconductor layer, the second semi-
conductor layer and the first semiconductor layer are formed
with an etchant of one kind, since the second semiconductor
layer 1s made of InGaAsP or GaAsP and the third and first
semiconductor layers are each made of any one of AlGaAs,
GaAs and InGaAs, the etching rate of the second semicon-
ductor layer can reliably and easily be made slower than the
ctching rates of the third semiconductor layer and the first
semiconductor layer. Therefore, a semiconductor device of
which the vield 1s improved and the manufacturing cost 1s
reduced 1s obtained.

Moreover, the P mole fraction 1n the Group V elements in
the second semiconductor layer 1s greater than 0.2 and
smaller than 0.6, the second semiconductor layer moderately
reduces its etching rate with respect to the etching rate of the
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third semiconductor layer and the first semiconductor layer.
Therefore, 1t 1s possible to avoid the over-etching of the third
semiconductor layer due to an excessive reduction in the
ctching rate of the second semiconductor layer and the
obtainment of a third semiconductor layer that causes a step-
induced breaking in the subsequently formed thin film due to
an 1nsufficient reduction in the etching rate of the second
semiconductor layer. Therefore, a semiconductor device of
which the yield 1s improved and the manufacturing cost 1s
reduced 1s obtained.

In one embodiment, the semiconductor device 1s a semi-
conductor laser device. And, the semiconductor substrate 1s
comprised of a group III-V compound semiconductor of a
first conductive type. Also, the first semiconductor layer 1s an
upper cladding layer comprised of a group I1I-V compound
semiconductor of a second conductive type, the third semi-
conductor layer 1s a contact layer comprised of a group I11-V
compound semiconductor of the second conductive type, the
second semiconductor layer 1s an etching rate reducing layer
that 1s comprised of a group I1I-V compound semiconductor.
The etching rate reducing layer 1s comprised of InGaAsP or
GaAsP, a P mole fraction in the Group V elements of the
etching rate reducing layer 1s greater than 0.2 and smaller than
0.6, and the upper cladding layer and the contact layer are
cach comprised of any one of AlGaAs, GaAs and InGaAs.
The semiconductor laser device further includes a lower clad-
ding layer that 1s formed between the semiconductor sub-
strate and the upper cladding layer and 1s comprised of a
group III-V compound semiconductor of the first conductive
type, and an active layer that 1s formed between the lower
cladding layer and the upper cladding layer and 1s comprised
of a group III-V compound semiconductor. And, at least the
upper cladding layer, the etching rate reducing layer and the
contact layer constitute a ridge-shaped stripe portion.

The “first conductive type” herein means the p-type or the
n-type. Moreover, the “second conductive type” means the
n-type when the first conductive type is the p-type or the
p-type when the first conductive type 1s the n-type.

The above construction achieves the thin film that continu-
ously extends from the contact layer located at the top of the
ridge-shaped stripe portion to the side surface of the ridge-
shaped stripe portion without undergoing the step-induced
breaking. Thus, a low-cost semiconductor laser device of
which the yield 1s improved can be obtained.

Moreover, the rnidge-shaped stripe portion can be formed
through one-time etching step with an etchant of one kind.
Theretore, a semiconductor laser device of which the manu-
facturing cost 1s further reduced 1s obtained.

In one embodiment, the semiconductor laser device further
includes a rndge lower layer that 1s formed between the upper
cladding layer and the active layer and that 1s comprised of a
group I1I-V compound semiconductor of the second conduc-
tive type. And, the stripe portion 1s formed on the ridge lower
layer, the thin film 1s an electrode that continuously covers
from the side surface of the contact layer to at least a partial
region on the ridge lower layer, and current constriction to the
stripe portion 1s effected by a Schottky junction between the
clectrode and the rnidge lower layer.

According to the semiconductor laser device of the
embodiment, current constriction to the stripe portion
(namely, narrowing down the current to the stripe portion so
that the current does not tlow 1n areas other than the stripe
portion) 1s elfected by the Schottky junction between the
clectrode and the nidge lower layer. Therefore, 1t 1s not
required to form an insulating layer of silicon nitride (SiN -
(X: positive number)), silicon oxide (510,) or the like
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between the electrode and the ndge lower layer. Therefore, a
semiconductor laser device of which the manufacturing cost
1s reduced 1s obtained.

Moreover, the structure for effecting the current constric-
tion can be formed through one-time crystal growth. There-
fore, a semiconductor laser device, of which the manufactur-
ing cost 1s reduced further than in the buried ridge type that
needs crystal growth three times, s obtained as the semicon-
ductor device.

In one embodiment, the contact layer has a doping concen-
tration of not lower than 1x10"® cm™, and the ridge lower
layer has a doping concentration of not higher than 1x10"'’
cm™. Also, a heavily-doped side compound layer comprised
ol at least one of constituent elements of the electrode and at
least one of constituent elements of the contact layer is
formed at an interface between the electrode and the contact
layer, and a lightly-doped side compound layer comprised of
at least one of the constituent elements of the electrode and at
least one of constituent elements of the ndge lower layer 1s
formed at an interface between the electrode and the ridge
lower layer.

In the semiconductor laser device of the embodiment, the
heavily-doped side compound layer constituted of at least one
ol the constituent elements of the electrode and at least one of
the constituent elements of the contact layer whose doping,
concentration is not lower than 1x10'® cm™ is formed at the
interface between the electrode and the contact layer. There-
fore, alow contactresistance 1s obtained at the ohmic junction
between the electrode and the contact layer.

Moreover, the lightly-doped side compound layer consti-
tuted of at least one of the constituent elements of the elec-
trode and at least one of the constituent elements of the ridge
lower layer whose doping concentration is not higher than
1x10"" cm™ is formed at the interface between the electrode
and the ndge lower layer. Therefore, suilicient current con-
striction 1s obtained by the Schottky junctions between the
clectrode and the ridge lower layer.

As described above, the electrode that provides a continu-
ous coating of the semiconductors from the top of a step,
obtained through one-time etching, to the side surfaces and
then to the lateral sides of the step i1s produced such that a
suificiently low contact resistance at the upper part of the step
and a sullicient current constriction property in the side por-
tion of the step can be concurrently obtained. Thus, the manu-
facturing cost of the semiconductor laser device can be
reduced.

In one embodiment, the ridge lower layer includes a plu-
rality of layers comprised of group 11I-V compound semicon-
ductors of different compositions, and of the layers of the
ridge lower layer, at least an uppermost layer contains P of
which a mole fraction 1s not smaller than 0.6.

According to the semiconductor laser device of the
embodiment, since the P mole fraction of the uppermost layer
ol the layers that constitute the nidge lower layer 1s not smaller
than 0.6, the etching for forming the stripe portion almost
stops at the ridge lower layer. Thus, 1t 1s possible to obtain a
semiconductor laser device in which the width of the stripe
portion can be produced with good control and of which the
yield 1s reduced and the manufacturing cost 1s reduced.

In one embodiment, a lowermost layer of the electrode
comprises 11 or Pt.

According to the semiconductor laser device of the
embodiment, since the material of the lowermost layer of the
electrode 1s T1 or Pt, an electrode of a thinner film can be
tformed by virtue of sufficient adhesion to the side surface of
the ridge-shaped stripe portion exposed by the etching.
Theretfore, a low-cost semiconductor laser device 1s obtained
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by reducing the consumption of the material of the electrode,
and the heavily-doped side compound layer and the lightly-
doped side compound layer capable of making compatible
the sufficient current constriction property and the suifi-
ciently low contact resistance can be formed at the same time.

An optical transmission module according to the present
invention includes the above-described semiconductor laser
device of the invention.

The optical transmission module provides an effect of
remarkably suppressing the module unit price by employing
the semiconductor laser device with the above-described con-
struction.

Also, an optical disk unit according to the present invention
includes the above-described semiconductor laser device of
the 1nvention.

The optical disk unit provides an effect of remarkably
suppressing the module unit price by employing the semicon-
ductor laser device with the above-described construction.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will become more fully understood
from the detailed description given hereinbelow and the
accompanying drawings which are given by way of 1llustra-
tion only, and thus are not intended to limit the present inven-
tion, and wherein:

FIG. 1 1s a schematic sectional view of a semiconductor
laser device according to a first embodiment of the present
imnvention;

FIGS. 2 through 5 are process charts illustrating a method
for manufacturing the semiconductor laser device of the first
embodiment;

FIG. 6 1s a schematic sectional view of an essential part of
a semiconductor laser device of a comparative example;

FI1G. 7 1s a graph showing a current-to-optical output power
characteristic of the semiconductor laser device of the first

embodiment;

FIG. 8 1s a graph showing a relation between the etching
rate of an etching rate reducing layer made of InGaAsP and a
P mole fraction in Group V clements in the etching rate
reducing layer;

FIG. 9A 1s a schematic view showing normal vectors on a
surface exposed by etching;

FIG. 9B 1s a schematic view showing normal vectors on a
surface exposed by etching;

FIG. 9C 1s a schematic view showing normal vectors on a
surface exposed by etching;

FIG. 10 1s a schematic sectional view of an optical trans-
mission module of an optical transmission system according
to a second embodiment of the present invention;

FIG. 11 1s a schematic perspective view of a light source of
the optical transmission system of the second embodiment;

FIG. 12 1s a schematic structural view of an optical disk
unit according to a third embodiment of the present invention;

FIG. 13 1s a schematic sectional view of a prior art semi-
conductor laser device; and

FIG. 14 15 a schematic sectional view of a prior art hetero-
junction bipolar transistor.

DETAILED DESCRIPTION OF THE INVENTION

The present invention will be described 1n detail below
based on the embodiments shown in the drawings. A semi-
conductor laser device will be taken below as one example of
the semiconductor device.
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First Embodiment

FIG. 1 shows a schematic sectional view of the semicon-
ductor laser device of the first embodiment of the present
invention. The schematic cross section shown 1s a cross sec-
tion perpendicular to the stripe direction. It 1s noted that the
first conductive type 1s an n-type, hereinalter expressed as
“n-", and the second conductive type 1s a p-type, hereinafter
expressed as “p-"", in the first embodiment.

The semiconductor laser device has an n-GaAs butler layer
102, an n-Al, ;Ga, <As first lower cladding layer 103, an
n-Al, .,-,Ga, s7:As second lower cladding layer 104, an
Al, ,<Ga, - As lower guide layer 105, a multiple strained
quantum well active layer 106, an Al, ,Ga, sAs upper guide
layer 107, a p-Al, s-Ga, ..-,As first upper cladding layer
lower layer 108, a p-Al, .-.Ga,.,,As first upper cladding
layer upper layer 109 and a p-In, 5,Ga, (cASy sPy - etching
stop layer 110 on an n-GaAs substrate 101.

A nidge-shaped mesa stripe portion 121 1s formed on the
ctching stop layer 110. The mesa stripe portion 121 1s con-
structed of ap-Al, ;Ga, ;As second upper cladding layer 111,
an In, ,-Gag s Asy s4Pq 46 €tching rate reducing layer 117, a
p-GaAs first contact layer 113 and a p™ -GaAs second contact
layer 114. A cross section perpendicular to the stripe direction
of the mesa stripe portion 121 has a regular mesa shape
(namely, the upper part 1s narrower than the lower part). The
layers that constitute the mesa stripe portion 121 also have a
regular mesa shape.

A p-side electrode 115 1s formed on the stripe portion 121
and the etching stop layer 110.

An n-side electrode 116 1s formed on the back of the
n-GaAs substrate 101.

The n-GaAs substrate 101 serves as one example of the
semiconductor substrate; the n-Al, ,Ga, <As first lower clad-
ding layer 103 and the n-Al, ,,Ga, ;,:As second lower clad-
ding layer 104 serve as one example of the lower cladding
layer; the multiple strained quantum well active layer 106
serves as one example of the active layer; the
p-Ing 3.Ga, (sAs, iP5 etching stop layer 110 serves as one
example of the fourth semiconductor layer; the
p-Al, -Ga, ;As second upper cladding layer 111 serves as
one example of the first semiconductor layer and also as one
example of the upper <cladding layer; the
In, ,-Ga, - As, 4P, 4 €tching rate reducing layer 112 serves
as one example of the second semiconductor layer and also as
one example of the etching rate reducing layer; the p-GaAs
first contact layer 113 and the p™*-GaAs second contact layer
114 serve as one example of the third semiconductor layer
and also as one example of the contact layer; the
p-Al, s-:Ga, 4.,As first upper cladding layer lower layer 108
and the p-In, 5,Ga, (A, 3P, 5 etching stop layer 110 serve
as one example of the ridge lower layer; and the p-side elec-
trode 115 serves as one example of the thin film.

A method for manufacturing the semiconductor laser
structure will be described below with reference to FIGS. 2
through 5. Although actually the semiconductor laser device
1s fabricated water by water, FIGS. 2-5 show one chip only for
the sake of simplicity of the drawings.

First, as shown in F1G. 2, an n-GaAs butler layer 102 (layer
thickness: 0.5 um), an n-Al, :Ga, -As first lower cladding
layer 103 (layer thickness: 2 um), an n-Al, ,,,Ga, s, As sec-
ond lower cladding layer 104 (layer thickness: 0.1 um), an
Al, ,:Ga, ,sAs lower guide layer 105 (layer thickness: 3 nm),
a multiple strained quantum well active layer 106, an
Al, ,Ga, (Asupper guide layer 107 (layer thickness: 0.1 um),
a p-Al, ss:Ga, 44,As first upper cladding layer lower layer
108 (layer thickness: 0.2 um, doping concentration: 1.35x

10

15

20

25

30

35

40

45

50

55

60

65

12

10'° cm™), a p-Al, <<.Ga, 4., As first upper cladding layer
upper layer 109 (layer thickness: 0.1 um, doping concentra-
tion: 1.0x10"" cm™), a p-In, 1.Ga, -AS, 2P, ~ etching stop
layer 110 (layer thickness: 15 nm, doping concentration:
1.0x10' ¢cm™), a p-Al, -Ga, -As second upper cladding
layer  111' (layer  thickness: 1.28 um), an
In, ,.Ga, ;s As, s.P, 46 €tching rate reducing layer 112' (layer
thickness: 20 nm), a p-GaAs first contact layer 113' (layer
thickness: 0.2 um, doping concentration: 3.3x10"'® cm™) and
a pTT-GaAs second contact layer 114' (layer thickness: 0.3
um, doping concentration: 1.0x10°' cm™) are successively
crystal-grown on an n-GaAs substrate (waier) 101 that has a
(100) plane by the metal-organic chemical vapor deposition
(MOCVD) method.

The multiple strained quantum well active layer 106 serves
as one example of the active layer; the etching stop layer 110
serves as one example of the fourth semiconductor layer; the
second upper cladding layer 111' serves as one example ol the
first semiconductor layer; the etching rate reducing layer 112,
serves as one example of the second semiconductor layer; and
the first contact layer 113' and the second contact layer 114
serve as one example of the third semiconductor layer.

The multiple strained quantum well active layer 106 1s
constituted by alternately arranging In, ;50,025 2000AS COM-
pressive strained quantum well layers (strain: +0.7%) and
Ing 533G, 762A80 5462P0 4537 barrier layers.

In the multiple strained quantum well active layer 106,
there are two compressive strained quantum well layers, and
cach of the two layers has a layer thickness of 4.6 nm. On the
other hand, there are three barrier layers, and these layers
have their respective layer thicknesses o1 21.5 nm, 7.9 nm and
21.5 nm from the n-GaAs substrate 101 side.

Note that the amount of strain of the well layer 1s expressed
as (a,-a., 4. Vaz, ., where a,._,. 15 a lattice constant of the
(GaAs substrate, and a, 1s a lattice constant of the well layer.
Thus, the well layer has a compressive strain when the value
of (a,-a., ,.)Vas, ;.18 positive, and the well layer has a tensile
strain when the value 1s negative.

Next, a resist mask 118 (mask width: 4 um) of a stripe
pattern extending 1n a (01-1) direction 1s produced through a
photolithographic process at a portion at which the mesa
stripe portion 121 1s to be formed.

Next, the mesa stripe portion 121 1s formed by partially
etching the second upper cladding layer 111', the etching rate
reducing layer 112', the first contact layer 113' and the second
contact layer 114' by using the resist mask portion 118.

A method for forming the mesa stripe portion 121 will be
described below with reference to FIGS. 3 through 5. Etching
for forming the mesa stripe portion 121 1s carried out by using
an etchant 1n which sulfuric acid 1s mixed with a hydrogen
peroxide solution (volumetric mixture ratio of sulfuric acid
hydrogen peroxide solution:water=1:8:50, liquid tempera-
ture 1s 10° C.)

The semiconductor layers to be etched with the etchant are
the p™*-GaAs second contact layer 114' and the p-GaAs first
contactlayer 113", which are semiconductor layers that do not
contain P (phosphorus). Since the etching rate of GaAs with
the etchant is about 0.01 um/sec, the p™"-GaAs second con-
tact layer 114" and the p-GaAs first contact layer 113! located
in areas on opposite lateral sides of the resist mask 118 are
ctched and removed 1n about 50 seconds, so that a p™ -GaAs
second contact layer 114" and a p-GaAs first contact layer
113" are obtained as shown in FIG. 3.

The semiconductor layer to be next etched with the etchant
is the In, ,-Ga, - As, <4 Pg 4 €tching rate reducing layer 112",
which 1s a semiconductor layer that contains P. Since the
cetching rate of In,,;Ga, 7sAsy <4 Py 46 With the etchant 1s
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about 1 nm/sec, the In,,-Ga,-Asy 4Py €tching rate
reducing layer 112' located 1n the areas on the opposite lateral
sides of the resist mask 118 1s etched 1n about 20 seconds. At
this time, the p™"-GaAs second contact layer 114 and the
p-GaAs first contact layer 113 are also etched sideways, so
that they are slightly reduced 1n size. Consequently, as shown
in FIG. 4, a p™-GaAs second contact layer 114", a p-GaAs
first contact layer 113" and an In,, ,-Ga, -<As, <4 Pj 46 €tching
rate reducing layer 112" are obtained.

The semiconductor layer to be next etched with the etchant
1s the p-Al, ;Ga, <As second upper cladding layer 111°,
which 1s a semiconductor layer that does not contain P. Since
the etching rate of AlGaAs with the etchant 1s about 0.01
um/sec, the p-Al, <Ga, As second upper cladding layer 111°
located downside beside the resist mask 118 1s etched in about
128 seconds. At this time, the p™"-GaAs second contact layer
114, the p-GaAs first contact layer 113" and the
In, ,-Ga, s As, -sPy 45 €tching rate reducing layer 112" are
also etched sideways, so that they are reduced 1n size. The
In, ,-Ga, 7 As, 4P, 4 €tching rate reducing layer 112" does
not remain in an eaves-like shape since 1t 1s also etched from
the n-GaAs substrate 101 side during the etching of the
p-Al, :Ga, <As second upper cladding layer 111".

Subsequently, by further etching the p-Al, ;Ga, <As sec-
ond upper cladding layer 111', the width of the lowermost
portion of the p-Al, :Ga, <As second upper cladding layer
111" 1s narrowed to the desired value. At this time, the
p-In, 5.Ga, «sASs, 1P - etching stop layer 110 located down-
ward 1n the areas on the opposite lateral sides of the resist
mask 118 1s to be etched as a natural consequence. However,
since the etching rate of In,, ;,Ga, (cASy 1Py » with the etchant
1s a very slow rate ol about 0.4 nm/sec, the width control of the
mesa stripe portion 121 and the flattening of the etched sur-
face are possible. A total etching depth with the etchant
becomes about 1.78 um, and the width of the lowermost
portion of the p-Al, ;Ga, -As second upper cladding layer
111" becomes about 3.3 um. Consequently, as shown in FIG.
5, the p™"-GaAs second contact layer 114, the p-GaAs first
contact layer 113, the In, ,-Ga, ,<As, .P, 4 €tching rate
reducing layer 112 and the p-Al, :Ga, ;As second upper clad-
ding layer 111 are obtained. That 1s, the mesa stripe portion
121 1s obtained.

After the formation of the mesa stripe portion 121 in the
above-described way, the resist mask 118 1s removed, and the
p-side electrode 115 (which 1s one example of the thin film)
made of T1 (layer thickness: 50 nm)/Pt (layer thickness: 50
nm)/Au (layer thickness: 300 nm) 1s formed on the entire
surface of the waler. As a result, the p-side electrode 115
covers the upper surface and the side surfaces of the mesa
stripe portion 121 and the exposed surface of the
p-In, 1,Ga, (As, 3Py 5 etching stop layer 110.

Next, the total thickness of the water with the layers 1s
made about 100 um by etching the back surface (which 1s a
surface that has undergone no crystal growth) of the n-GaAs
substrate 101, and the n-side electrode 116 made of AuGe
(layer thickness: 100 nm)/Ni (layer thickness: 15 nm)/Au
(layer thickness: 300 mm) 1s provided to the back surface and
subjected to heat treatment for one minute at 390° C.

Finally, the wafer 1s cleaved 1n planes perpendicular to the
direction 1n which the mesa stripe portion 121 extends, so that
the water 1s divided into bars each having mesa stripe portions
121 of desired cavity length. Then, a coating film (not shown)
1s applied to each of the two cleavage surfaces of each of the
thus obtained bars, and then each bar 1s cut between the mesa
stripe portions. As a result, the semiconductor laser device 1n
a chip state shown 1n FIG. 1 1s obtained.
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It 1s noted that a metal wire (not shown) necessary for
current injection 1s bonded onto the p-side electrode 115
located beside the mesa stripe portion 121.

The semiconductor laser device of the first embodiment
produced 1n the described way had an emission wavelength of
890 nm and exhibited the characteristics of a threshold value
of 20 mA and an external quantum efliciency of 0.9 with a
pulse current as shown in FIG. 7. The obtained characteristics
are equivalent to those of the prior art semiconductor laser
device fabricated by carrying out the crystal growth process
three times by the metal-organic chemical vapor deposition
method.

Therefore, the semiconductor laser device of the first
embodiment, which 1s fabricated by carrying out the crystal
growth process only one time, 1s able to reduce the manutac-
turing cost than in the prior art semiconductor laser device
and to exhibit the characteristics equivalent to those of the
prior art semiconductor laser device.

Further, the semiconductor laser device of the first embodi-
ment, which allows the semiconductor layers to be etched by
only one etching step without changing the etchant, was able
to not only reduce the number of manufacturing steps and the
cost but also remarkably increase the yield.

Moreover, the p-side electrode 1135 (total layer thickness:
400 nm) 1s considerably thinner than the height (about 1.8
um) of the mesa stripe portion formed by the etching. Even
with the thin film, the semiconductor laser device of the first
embodiment was able to reduce the step-induced breaking or
discontinuity of the electrode and thus increase the yield 1n
comparison with the prior art semiconductor laser device of
the air nidge structure of FIG. 13.

FIG. 6 shows a schematic sectional view of an essential
part of a semiconductor laser device as a comparative
example 1n contrast to the semiconductor laser device of the
first embodiment. In FIG. 6, only the portion from the etching
stop layer 110 up 1s shown.

The semiconductor laser device of the comparative
example differs from the semiconductor laser device of the
first embodiment 1n that a mesa stripe portion 1121 of the
comparative example 1s constructed of a p-Al, Ga, As sec-
ond upper cladding layer 1111, a p-GaAs first contact layer
1113 and a p™ -GaAs second contact layer 1114.

That 1s, 1In manufacturing the semiconductor laser device of
the comparative example, the manufacturing method of the
semiconductor laser device of the first embodiment 1s modi-
fied such that the mesa stripe portion 1121 including no
etching rate reducing layer 1s produced.

Since 1n the semiconductor laser device of the comparative
example the side surface located in the neighborhood of the
upper surface portion of the p™ -GaAs second contact layer
1114 becomes disadvantageously steep, when a p-side elec-
trode 1115 1s formed, the p-side electrode 1115 would sufier
from the step-induced breaking or discontinuity on the steep
side surface.

The reason why there occurs the step-induced breaking of
the p-side electrode 1115 1s considered to be that the progress
ol the etching 1n the semiconductor layer right under the resist
mask used for forming the mesa stripe portion 1121 ditfers
from the progress of the etching in the other semiconductor
layers.

The step-induced breaking as described above can be
avoided by carrying out side etching of the first and second
contact layers for a longer time by provision of the etching
rate reducing layer as 1n the first embodiment.

Moreover, the problem of the step-induced breaking can be
avoided if only the first and second contact layers made of
GaAs are further etched without changing the shape of the
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second upper cladding layer made of AlGaAs. However, to do
s0, the contact layers must be etched again with an etchant
(e.g., an aqueous solution of a mixture of ammonia and a
hydrogen peroxide solution) that has selectivity such that
AlGaAs s not etched but GaAs 1s etched. This would cause an
increase 1 the number of manufacturing process steps and the
manufacturing cost and further might cause a reduction 1n the
yield due to the etching performed two times with different
ctchants.

In the first embodiment, the etching process 1s performed
only one time with the same etchant and during the etching
process the etching rate becomes slow when the etching rate
reducing layer 1s exposed as a consequence of the etching or
removal of the first and second contact layers. Therefore, only
the etching 1n the horizontal direction progresses in the first
and second contact layers while the etching rate reducing
layer 1s being etched. Since the etching rate becomes fast
again when the etching rate reducing layer 1s etched and the
second upper cladding layer 1s exposed, the second upper
cladding layer 1s etched almost similarly to the etching
cifected on the first and second contact layers. Consequently,
the first and second contact layers, the etching rate reducing,
layer and the second upper cladding layer leit by the etching
mask are increased i width in the horizontal direction
towards the GaAs substrate. Therefore, the electrode can be
formed continuously without step-induced breaking from the
top portion of the second contact layer to the surface of the
ctching stop layer. Therefore, the yield of the semiconductor
laser device of the first embodiment can be improved, and this
allows the manufacturing cost of the semiconductor laser
device of the first embodiment to be reduced.

FIGS. 9A through 9C show schematic sectional views of a
part of structures resulting from the etching. As shown in FIG.
9A, normal vectors a, and a, on the surface exposed by the
ctching have upward components S. In such a region, step-
induced breaking can be prevented even if a thun film 1s placed
on the upper surface.

Moreover, even 1n the case of the cross section as shown 1n
FIG. 9B as another example, 1.e., 1n the case where the surface
exposed by the etching 1s a convex surface or a concave
surface, an effect similar to the above case can be obtained
since normal vectors b,, b, and b, on the surface exposed by
the etching also have upward components S.

However, 1n the case of a cross section as shown in FIG. 9C,
1.¢., when a region where a “shade” exists when viewed from
above the substrate surface, the effect cannot be obtained
since normal vectors ¢, and ¢, on the surface exposed by the
ctching do not have upward components S.

However, as 1n the first embodiment, so long as there 1s a
normal vector having an upward component on the side sur-
face of the mesa stripe portion 121 1n at least one path that
connects one point at the p-side electrode 115 located on the
side opposite from the substrate 101 with respect to the etch-
ing rate reducing layer 112 with one point at the p-side elec-
trode 113 located on the same side as the substrate 101 with
respect to the etching rate reducing layer 112, the p-side
clectrode 1135 can be continuously placed without undergoing
the step-induced breaking in the path even if a region as
shown 1n FI1G. 9C exists 1n another path, and electric conduc-
tion using the path can reliably be achieved.

Moreover, 1n the first embodiment, since the etching step 1s
carried out only one time 1n forming the semiconductor laser
device, the number of manufacturing process steps and the
manufacturing cost can largely be reduced. This 1s because a
ridge shape that enables electrode formation without its
breaking or discontinuity can be achieved by utilizing the
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etching rate reducing layer even through one-time etching
step using an etchant of one kind.

Moreover, since the etching rate reducing layer 1s made of
InGaAsP, the second upper cladding layer 1s made of
AlGaAs, and the first and second contact layers are made of
GaAs 1n the first embodiment, etching capable of suitably
utilizing the effect of employing the etching rate reducing

layer can be carried out.

Moreover, since the mixture aqueous solution of sulfuric
acid and hydrogen peroxide solution 1s used as the etchant 1n
the first embodiment, the etching rate of the etching rate
reducing layer i1s controllable so as to be slower than the
ctching rate of the second upper cladding layer and the first
and second contact layers.

Moreover, the bandgap energy of the first contact layer 1s
1.42 eV, and the bandgap energy of the second upper cladding
layer 1s 2.05 €V 1n the first embodiment. And, the bandgap
energy of the etching rate reducing layer located between the
first contact layer and the second upper cladding layer 1s 1.59
¢V. Since the bandgap energy of the etching rate reducing
layer 1s greater than the bandgap energy of the first contact
layer and smaller than the bandgap energy of the second
upper cladding layer, band discontinuity between the first
contact layer and the second upper cladding layer 1s eased.
Therefore, a current easily tlows to the mesa stripe portion
that includes the first contact layer, the second upper cladding
layer and the etching rate reducing layer, which contributes to
the reduction of the resistance of the semiconductor laser
device.

Further, since the carriers directed from the second contact
layer to the active layer are holes and both of the following
Equations (1) and (2) are satisfied 1n the first embodiment, the
band discontinuity to the holes 1s eased.

Ev3-Ev2>0 (1)

Ev2-Ev1>0 (2)

where,

Ev1: Energy of the valence band of the second upper clad-
ding layer;

Ev2: Energy of the valence band of the etching rate reduc-
ing layer; and

Ev3: Energy of the valence band of the second contact
layer.

Concretely, 1n the first embodiment, Ev3-Ev2=0.16 &V,
and Ev2-FEv1=0.11 eV.

Moreover, when the first conductive type and the second
conductive type are assumed to be the p-type and the n-type,
respectively, in which case electrons are carriers, conversely
to the case of the first embodiment, similar discussion and
consideration can be applicable just by replacing the energy
of the valence band with the energy of the conduction band
and reversing the inequality sign 1n Equations (1) and (2), and
it will be understood that the band discontinuity against the
clectrons can be eased.

Moreover, 1n the first embodiment, the etching rate reduc-
ing layer 1s made of InGaAsP, of which the P mole fraction 1s
0.46. Also, the second upper cladding layer and the first and
second contact layers are made of AlGaAs and GaAs. That 1s,
the etching rate reducing layer has a greater P mole fraction.
Theretfore, when these semiconductor layers are etched with
an etchant of one kind, the etching rate of the etching rate
reducing layer can easily be made slower than the etching
rates of the second upper cladding layer and the first and
second contact layers.



US 7,816,162 B2

17

Moreover, by employing at least the etching rate reducing
layer that contains P, the second upper cladding layer made of
AlGaAs and the first and second contact layers made of GaAs
as 1n the first embodiment, semiconductor laser devices made
of a Group III-V compound can be obtained with high yield.

Moreover, since the P mole fraction in Group V elements in
the etching rate reducing layer 1s 0.46, which 1s smaller than
0.6, 1n the first embodiment, the etching rate reducing layer
can be prevented from becoming unetchable.

In the etching process in the first embodiment, reaction
progresses 1n two steps: formation of an oxide layer on the
etched surface and removal of the oxide layer. It can be
considered that, when the P mole fraction i the Group V
clements 1n the etching rate reducing layer made of InGaAsP
becomes equal to or greater than 0.6, the reaction 1s deceler-
ated because of difficulties 1n the formation of the oxide layer
on the etching surface or a reduction 1n the removal rate of the
oxide layer or both of them, as a result of which the etching of
the etching rate reducing layer becomes too slow.

FIG. 8 shows a relation between the etching rate of the
ctching rate reducing layer made of InGaAsP and the P mole
fraction 1n the Group V elements 1n the etching rate reducing
layer. The etching rates plotted were the ones at which the
etching rate reducing layers were etched with an etchant 1n
which sulfuric acid 1s mixed with a hydrogen peroxide solu-
tion (of which the volumetric mixture ratio 1s sulfuric acid:
hydrogen peroxide solution:water 1:8:50, and the liquid tem-
perature 1s 10° C.).

As1s apparent from FIG. 8, the etching rate 1s slower when
the P mole fraction in the Group V elements 1n the etching rate
reducing layer 1s not smaller than 0.6 than when the P mole
fraction 1n the Group V elements 1n the etching rate reducing
layer 1s smaller than 0.6.

Theretfore, the P mole fraction 1n the Group V elements in
the etchuing rate reducing layer should preferably be smaller
than 0.6. Among others, if the P mole fraction in the Group V
clements in the etching rate reducing layer 1s set smaller than
0.5 and the etching rate reducing layer 1s As-rich as 1n the first
embodiment, the effect of appropriately reducing the etching
rate by the etching rate reducing layer can be obtained, and
this 1s more preferable.

On the other hand, as can also be understood from FIG. 8,
if the P mole fraction in the Group V elements in the etching
rate reducing layer 1s set to be 0.2 or smaller, the etching rate
of the etching rate reducing layer disadvantageously becomes
one-fifth or greater of the etching rate of the first and second
contact layers made of GaAs and the second upper cladding
layer made of AlGaAs. In this case, the effect of appropriately
reducing the etching rate 1s hardly obtained in the etching rate
reducing layer. As a result, the mesa stripe portion of the
desired shape will not be obtained. From this, the P mole
fraction 1n the Group V elements 1n the etching rate reducing
layer should preferably be greater than 0.2.

Moreover, it 1s apparent also from FIG. 8 that the etching,
rate becomes extremely small and the etching does not
progress when the P mole fraction in the Group V elements 1s
not smaller than 0.6. By taking advantage of the characteristic
and constituting the ridge lower layer of the first upper clad-
ding layer lower layer and the etching stop layer of different
compositions and setting the P mole fraction in the Group V
clements 1n the etching stop layer, which 1s the uppermost
layer of the ridge lower layer, to 0.6 or more as in the {first
embodiment, the semiconductor layer under the etching stop
layer can reliably be prevented from being etched, and the
mesa stripe portion can be formed to a well controlled wadth.
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Moreover, since the layer thickness of the etching stop
layer 1s 15 nm 1n the first embodiment, the semiconductor
layer under the etching stop layer can reliably be prevented
from being etched.

Although the second contact layer made of GaAs 1is
employed in the first embodiment, it 1s acceptable to employ
a second contact layer made of any one of InGaAs, AlAs,
InAs, AllnAs and AlGalnAs.

The P mole fraction 1n the Group V elements 1n the etching
stop layer 1s 0.7 1n the first embodiment, but 1t may be 0.6 or
more.

The layer thickness of the etching stop layer, which 1s 15
nm 1n the first embodiment, may be 10 nm or more.

Although the etching stop layer made of InGaAsP 1s
employed 1n the first embodiment, it 1s acceptable to employ
an etching stop layer made of any one of InGaP, GaAsP,
AlGalnP, AlGalnAsP and AlGaAsP. The etching stop layer
should also preferably have a P mole fraction in the Group V
clements of 0.6 or more and a layer thickness of 10 nm or
more.

Although the etching rate reducing layer made of InGaAsP
1s employed in the first embodiment, 1t 1s acceptable to use an
ctching rate reducing layer made of any one of GaAsP,
AlGaAsP, AlGalnAsP, InAsP, InAlAsP and AIAsP. Such an
etching rate reducing layer should also preferably have a P
mole fraction 1n Group V elements of smaller than 0.6.

The p-electrode exemplitying the thin film 1n the first
embodiment has a total layer thickness of 400 nm, whereas a
difference 1n level between the top of the mesa stripe portion
and the etching stop layer 1s about 1.80 um. That 1s, the total
layer thickness of the p-electrode 1s much smaller than the
difference in level between the top of the mesa stripe portion
and the etching stop layer. The layer thickness of the thin film
should preferably be not greater than about one-third the
difference 1n level. The smaller the thickness of the thin film,
the further the consumption of the raw material to be used for
the thin film formation can be suppressed, allowing the cost
reduction of the device to be achieved.

Although the current constriction 1s effected by using the
Schottky junction of the etching stop layer and the p-side
clectrode in the first embodiment, 1t 1s also acceptable to
elfect the current constriction by using an air ridge structure
using an insulator, e.g., silicon oxide (S10,), silicon nitride
(S1N ), etc. That 1s, 1t 1s acceptable to cover the side surface of
the mesa stripe portion and the surface of the etching stop
layer with the insulator and put the p-side electrode 1n contact
with the upper surface of the second contact layer exposed
from the 1nsulator. In a word, the structure constructed of the
insulating overcoat 508 and the p-side electrode 509 of FIG.
13 may be employed. Even 11 the structure constructed of the
insulating overcoat 508 and the p-side electrode 509 is
employed 1n the semiconductor laser device of the first
embodiment, 1t 1s possible to suificiently obtain the effect of
improving the yield by preventing the step-induced breaking
of the thin film, which 1s the insulator and the electrode.

Moreover, 1n the case where the current constriction 1s
eifected by using the Schottky junction as described above, 1f
the lowermost layer of the p-side electrode 1s made a com-
pound layer by carrying out heat treatment after the formation
of the p-side electrode, the Schottky junction 1n the current
constrictionregion and the ohmic junction of the contactlayer
with the p-side electrode are enhanced so that a current can be
injected nto only the mesa stripe portion with a low resis-
tance.

Since the Schottky junction property and the ochmic junc-
tion property are further reinforced as described above, low
threshold current oscillation, high power operation and long-
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term reliability are obtained carrying out neither the current
constriction layer embedding regrowth step nor the contact
layer crystal regrowth step.

Moreover, since neither the current constriction layer
embedding regrowth step nor the contact layer crystal
regrowth step 1s carried out, the manufacturing process 1s
simplified. Therefore, the manufacturing cost can be reduced.

Moreover, since the p-side electrode 1s formed on the mesa
stripe portion and the etching stop layer in the first embodi-
ment, heat radiation or dissipation characteristics can be
improved. Therefore, the reliability of the semiconductor
laser device of the first embodiment can be improved.

The electrode matenals are deposited directly on the side
surfaces of the mesa stripe portion 1n the first embodiment. In
order to reliably form the electrode free from step-induced
breaking at the side surfaces of the mesa stripe portion which
are sloped with respect to the substrate, 1t 1s preferable to use
a material of good adhesion for the lowermost layer of the
clectrode or to increase the thickness of the electrode. How-
ever, thickening the electrode increases the consumption of
the materials of the electrode and causes a cost increase.
Accordingly, 1t 1s preferable to use T1 or Pt for the material of
the lowermost layer of the electrode as 1n the present embodi-
ment. Since these materials have sufficient adhesion, the elec-
trode can be formed as a suificiently thin film, which reduces
the consumption of the materials of the electrode. As a result,
a low-cost semiconductor laser device 1s obtained.

Moreover, since the temperature of heat treatment carried
out on the p-side electrode 1s 390° C. and the lowermost layer
of the p-side electrode 1s made o1 'T1 1n the first embodiment,
an alloying reaction between 11 and the semiconductor layer
can be aroused.

If the heat treatment 1s carried out at about 400° C. after T1
1s vapor deposited onto a semiconductor layer as in the first
embodiment, the oxide layer formed on the surface of the
semiconductor layer during the manufacturing process 1s
removed, and a stable Schottky junction can be obtained for a
lightly-doped semiconductor layer of a doping concentration
of not higher than 1x10' cm™. When the lightly-doped
semiconductor layer 1s an InGaAsP layer or an AlGaAs layer,
a Schottky junction that 1s particularly thermally and electri-
cally stable can be obtained. This 1s presumably ascribed to
the fact that the lowermost layer of the electrode becomes a
very thin 11 alloy layer as a result of the heat treatment.
Therefore, the eflfect of obtaining such a stable Schottky
junction cannot easily be produced unless the heat treatment
1s carried out.

Onthe other hand, in the case where'T11s brought in contact
with a heavily-doped semiconductor layer (such as the GaAs
layer and InGaAs layer) of a doping concentration of not
lower than 1x10"° cm™ and then appropriate heat treatment is
carried out, oxide formed on the surface of the semiconductor
layer during the manufacturing process can be removed and a
T1As layer 1s formed, whereby a low contact resistance 1s
achieved. In this case, the temperature of the heat treatment 1s
not lower than 350° C. and not higher than 430° C. When the
temperature of heat treatment 1s lower than 350° C., the
alloying reaction for generation of the heavily-doped side
compound layer does not suificiently progress. Moreover,
when the temperature of heat treatment exceeds 430° C., the
contact resistance gradually deteriorates at the ohmic junc-
tion. This 1s presumably ascribed to the generation of a
T1 Ga,_, layer and the mixing of the metal material in the
layers located above Ti.

Although the temperature of the heat treatment carried out
on the p-side electrode 1s 390° C. 1n the first embodiment, the
temperature may be any temperature 1n the range of not lower
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than 350° C. and not higher than 430° C. If the temperature of
the heat treatment 1s lower than 350° C., the heavily-doped
semiconductor layer of a doping concentration of 1x10'°
cm™ or higher would not provide a sufficient compound
layer, and the lightly-doped semiconductor layer of a doping
concentration of 1x10'” cm™ or lower would not provide a
suificient compound layer, either. Moreover, 11 the tempera-
ture of the heat treatment exceeds 430° C., the contact resis-
tance deteriorates as described above, so that the characteris-
tics of the semiconductor laser device also deteriorate.

The lowermost layer of the p-side electrode 1s made o1 T11n
the first embodiment. Alternatively, the lowermost layer of
the p-side electrode may be made of Pt. When the lowermost
layer of the p-side electrode 1s made of Pt as well, the tem-
perature of heat treatment to be carried out on the p-side
clectrode 1s set to not lower than 350° C. and not higher than
430° C. If the temperature of the heat treatment 1s lower than
350° C., the heavily-doped semiconductor layer of a doping
concentration of 1x10'® cm™ or higher would not provide a
suificient heavily-doped side compound layer, and the
lightly-doped semiconductor layer of a doping concentration
of 1x10"” cm™ or lower would not provide a sufficient
lightly-doped side compound layer, either. Moreover, 1i the
temperature ol the heat treatment exceeds 450° C., Pt 1s
excessively diffused 1n the semiconductor layer, so that the
characteristics of the semiconductor laser device also dete-
riorate.

In the first embodiment, the first upper cladding layer lower
layer of a doping concentration of 1.35x10"® cm™, the first
upper cladding layer upper layer of a doping concentration of
1.0x10"'7 cm™ and the etching stop layer of a doping concen-
tration of 1.0x10'” cm™ are formed between the mesa stripe
portion and the active layer. With this arrangement, the degree
of freedom of the optical design 1s increased and an increase
in the device resistance can be suppressed since the layer
thickness, the composition and so on of the p-type semicon-
ductor layers can freely be changed according to the specifi-
cations of the optical characteristics demanded by the p-type
semiconductor layers without suffering restrictions to be
imposed 1n consideration of the Schottky junction character-

istics. Consequently, further reduction 1n the consumption of
power can be achieved.

Moreover, since the etchant used 1n the first embodiment
has a volumetric mixture ratio of sulfuric acid, hydrogen
peroxide solution, and water that 1s 1:8:50, suitable etching 1s
achieved. If the volume ratio of the sulfuric acid is larger, the
ctching rate increases and the etching control becomes diifi-
cult. Also, 1f the volume ratio of the hydrogen peroxide solu-
tion 1s larger, nonselectivity to the etching of GaAs and

AlGaAs decreases.

In the first embodiment, the mesa stripe portion 121 has
normal vectors having upward components on both sides of
the mesa. The effects resulting from this arrangement can be
similarly obtained even 1n a structure that has a step only on
one side surface or 1n a groove structure 11 the side surface of
the former structure or side surfaces of the groove have nor-
mal vectors having upward components.

Although the semiconductor laser device has a wavelength
o1 890 nm 1n the first embodiment, the wavelength may be any

in a wavelength band of, for example, 650-nm band, 1.3-um
band, 1.55-um band or the like.
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The manufacturing method of the first embodiment may be
used for other semiconductor devices such as transistors or

the like.

Second Embodiment

FIG. 10 shows a schematic sectional view of an optical
transmission module 200 of the optical transmission system
according to the second embodiment of the present invention.
FIG. 11 shows a schematic perspective view of a light source
section of the module. The same optical transmission mod-
ules 200 provided on both sides of communications to be
exchanged (e.g., aterminal and a server) constitute the optical
transmission system that transmits and receives optical sig-
nals between these optical transmission modules 200, which
will be described 1n detail later.

As shown 1n FIG. 10, the optical transmission module 200
includes the InGaAs semiconductor laser device (laser chip)
201 having an emission wavelength of 890 nm as described 1n
connection with the first embodiment as a light source, and a
photodetector 202 that 1s a pin photodiode of S1 (silicon).

The laser chip 201 1s mounted on a circuit board 206. The
circuit board 206 has, on its top surface, patterns of both
positive and negative electrodes for driving the semiconduc-
tor laser, and a recess 206a 1n which the laser chip 201 1s
received. The recess 206a has a depth of 300 um. A laser
mount (1.e., amount member) 210 to which the laser chip 201
1s attached 1s fixed with solder to the bottom surface of the
recess 206a. The depth of the recess 206qa 1s designed such
that the emission of laser light from the laser chip 201 1s not
disturbed. Moreover, the surface of the recess 206a has a
roughness adjusted so that no bad influence 1s exerted on the
angle of radiation of the laser light.

The photodetector 202 1s mounted on the circuit board 206,
and an electrical signal 1s taken out via a wire 207B.

Moreover, an 1C (Integrated Circuit) 208 for laser driving
and reception signal processing 1s mounted on the circuit

board 206.

An appropriate amount of liqud silicon resin 209 mixed
with filler for diffusing light 1s dropped in the recess 206aq.
With this arrangement, the silicon resin 209 stays 1n the recess
2064 due to 1ts surface tension and fixes the laser mount 210
to therecess 206a by covering the mount. Although the recess
2064 1s formed on the surface of the circuit board 206, and the
laser mount 210 1s fixed to the bottom surface of the recess
2064 1n the second embodiment, the recess 2064 1s not always
required to be formed since the silicon resin 209 stays on the
laser chip surface and its peripheries due to the surface ten-
s10n as described above.

The silicon resin 209 1s cured until 1t 1s put 1into a jelly-like
state by heating for about five minutes at 80° C. Moreover, the
s1licon resin 209 1s covered with a transparent epoxy resin
mold 203. In the epoxy resin mold 203, a lens portion 204 for
controlling the angle of radiation of laser light and a lens
portion 205 for condensing the signal light are integrally
formed as molded lenses. The lens portion 204 1s located
above the laser chip 201, while the lens portion 205 1s located
above the photodetector 202.

As described above, the optical transmission system has a
premise that the optical transmission module performs the
transmission and reception of optical signals with a same
optical transmission module on the other party’s side, as
described above. Therefore, an optical signal emitted with
information from the laser chip 201 1s received by the photo-
detector of the optical transmission module on the other par-
ty’s side. Moreover, the optical signal emitted with informa-
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tion from the laser chip of the optical transmission module on
the other party’s side 1s received by the photodetector 202 on
this side.

The laser mount 210 will be described below with refer-
ence to F1G. 11.

The laser mount 210 has a cross-sectionally L-shaped heat
sink 211. Thelaser chip 201 1s die-bonded to the heat sink 211
with an In paste. The lower surface 2015 of the laser chip 201
1s coated with a high reflection coating, while the upper
surface 201a of the laser chip 1s coated with a low reflection
coating. These reflection coatings are provided to double as
protective coats to protect the laser chip end surfaces.

A positive electrode 212 1s fixed to a base portion 2115 of
the heat sink 211. An insulator 1s iterposed between the
positive electrode 212 and the base 2115, so that the positive
clectrode 212 1s prevented from having electrical continuity
to the heat sink 211. Moreover, the positive electrode 212 1s
connected via a gold wire 207C to an electrode region 201c¢
provided on the Schottky junction at the surface of the laser
chup 201.

The laser mount 210 1s fixed with solder to a negative
clectrode portion (not shown) for driving the laser on the
circuit board 206. Moreover, a flat portion 213 of the positive
clectrode 212 1s electrically connected to a positive electrode
portion (not shown) for driving the laser on the circuit board
206 via a wire 207A. With the wiring formation, the optical
transmission module 200 capable of obtaining a laser beam
214 by oscillation 1s completed.

The optical transmission module 200, which employs the
one-time growth type laser chip 201 according to the first
embodiment that can be manufactured at low cost, 1s therefore
able to largely suppress low the module unit price in com-
parison with the conventional case that requires more than
one crystal growth step.

Third E

Embodiment

FIG. 12 shows one example of the structure of an optical
disk unit according to the present invention.

The optical disk unit has a light-emitting device for writing,
data 1nto an optical disk 301 and reproducing the data written
in the optical disk 301. The light-emitting device 1s a semi-
conductor laser device 302, which 1s obtained by moditying
the semiconductor laser device of the first embodiment to
make changes to the layers of the quantum well active layer
and so on such that the semiconductor laser device 302 oscil-
lates at a wavelength of 780 nm. Fabricating process steps
such as a step for forming a regular mesa shaped ridge stripe
portion of the semiconductor laser device 302 are similar to
those of the first embodiment.

The optical disk unit will be described more 1n detail below.

A signal light (1aser light) 1s emitted from the semiconduc-
tor laser device 302 toward the optical disk 301 when data 1s
written 1nto the optical disk 301 1n the optical disk unit. The
signal light passes through a collimator lens 303, becoming
parallel light, and 1s transmitted through a beam splitter 304.
After having 1ts polarized state adjusted by a A/4 polarizer
303, the light 1s condensed on the surface of the optical disk
301 by an 1rradiation object lens 306.

In the optical disk unit, when the data recorded in the
optical disk 301 1s read, a laser beam with no data signal
superimposed thereon travels along the same path as 1n the
write operation, wrradiating the optical disk 301. Then, the
laser beam reflected on the surface of the optical disk 301
passes through the laser-beam irradiation objective lens 306
and the A/4 polarizer 305, and 1s thereafter reflected by the
beam splitter 304 so as for its traveling direction to be
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changed by 90°. Subsequently, the laser beam 1s focused by a
reproduction-light objective lens 307 and applied to a signal-
detection use photodetector 308. Then, in the signal-detection
use photodetector 308, a data signal represented by the inci-
dent laser beam 1s transformed into an electric signal, which
1s then supplied to a signal light reproducing circuit 309. The
signal light reproducing circuit 309 regenerates an original
signal from the electrical signal.

Since the optical disk unit performing the above operations
has, as a light-emitting device, the semiconductor laser device
302 that requires a reduced number of manufacturing process
steps and a reduced manufacturing cost, as compared with the
prior art semiconductor laser device. Thus, the manufacturing,
cost of the optical disk unit 1s reduced.

This embodiment has been described on a case where the
semiconductor laser device of the present invention 1s applied
to a recording and playback type optical disk unit. However,
the semiconductor laser device of this invention 1s applicable
also to optical-disk recording units or optical-disk playback
units using the same 780 nm wavelength band, as well as to
optical disk units of another wavelength band (e.g., 650-nm
band).

It 1s a matter of course that the semiconductor device of the
present invention 1s not limited to only the illustrated
examples described above but modifiable 1n a variety of ways
with regard to, for example, the layer thickness and the num-
ber of layers of the well layer and the barrier layer of the
semiconductor laser device unless they depart from the scope
ol the present 1nvention.

Embodiments of the invention being thus described, it will
be obvious that the same may be varied in many ways. Such
variations are not to be regarded as a departure from the spirit
and scope of the mvention, and all such modifications as
would be obvious to one skilled 1n the art are intended to be
included within the scope of the following claims.

The mvention claimed 1s:

1. A semiconductor device manufacturing method com-

prising;:

a first semiconductor layer forming step forming on a semi-
conductor substrate a first semiconductor layer that has
an etching rate;

a second semiconductor layer forming step forming on the
first semiconductor layer a second semiconductor layer
that has an etching rate slower than the etching rate of the
first semiconductor layer;

a third semiconductor layer forming step forming on the
second semiconductor layer a third semiconductor layer
that has an etching rate faster than the etching rate of the
second semiconductor layer;

an etching mask forming step forming an etching mask on
the third semiconductor layer;

an etching step etching, by using the etching mask and an
ctchant, the third semiconductor layer, the second semi-
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conductor layer and the first semiconductor layer 1n a
region outside the etching mask; and

a thin film forming step forming a thin film such that the
thin film continuously coats an upper surface and side
surfaces of a semiconductor layer group that includes
the third semiconductor layer, the second semiconductor
layer and the first semiconductor layer remaining after
the etching step.

2. The semiconductor device manufacturing method as

claimed 1n claim 1, wherein

the first semiconductor layer and the third semiconductor
layer each comprise any one of AlGaAs, GaAs and
InGaAs,

the second semiconductor layer comprises InGaAsP or
GaAsP,

a P mole fraction 1n Group V elements in the second semi-
conductor layer 1s larger than 0.2 but smaller than 0.6,
and

the etchant 1s a mixture aqueous solution of sulfuric acid
and a hydrogen peroxide solution.

3. The semiconductor device manufacturing method as

claimed 1n claim 1, further comprising:

a fourth semiconductor layer forming step forming on the
semiconductor substrate a fourth semiconductor layer of
a second conductive type whose doping concentration 1s
not higher than 1x10'” cm™ prior to the first semicon-
ductor layer forming step;

the semiconductor substrate having a first conductive type,

the first and third semiconductor layers having the second
conductive type,

the third semiconductor layer having a doping concentra-
tion of not lower than 1x10'®> cm™,

the fourth semiconductor layer being exposed at least in a
partial region through the etching step,

the thin film being an electrode, and the thin film being
additionally formed on the fourth semiconductor layer
as well, and

a compound layer forming step of subjecting the electrode
to heat treatment after the thin film forming step to form
at an interface between the electrode and the third semi-
conductor layer a heavily-doped side compound layer
comprising at least one of the constituent elements of the
clectrode and at least one of the constituent elements of
the third semiconductor layer, and to form at an interface

between the electrode and the fourth semiconductor

layer a lightly-doped side compound layer comprising at

least one of the constituent elements of the electrode and
at least one of the constituent elements of the fourth
semiconductor layer.

4. The semiconductor device manufacturing method as
claimed in claim 1, wherein etching of a side portion of the
third semiconductor layer progresses while the second semi-
conductor layer 1s being etched.
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